Studies with anaemic children and pregnant women from areas where vitamin A deficiency is endemic have shown a beneficial effect on Fe status of supplemental vitamin A in addition to Fe supplementation. This suggests a relationship between vitamin A and Fe status, which we attempted to mimic in rats with anaemia and chronic vitamin A deficiency. Male rats were fed on Fe-adequate diets (35 mg Fe/kg) containing different levels of vitamin A (1200,450,150,75 and 0 retinol equivalents (RE)/kg feed) until they were 5 weeks old. These diets were identical to the diets fed to their mothers. Then the young male rats were transferred to diets containing the same levels of vitamin A but no added Fe. After another 2 weeks the rats were repleted with Fe (35 mg/kg feed) without or with vitamin A to a level of 1200 RE/kg feed. Increased vitamin A intake by the groups previously fed on diets with either 0 or 75 RE/kg produced a reduction in blood haemoglobin concentration, packed cell volume and erythrocyte count. In the group which had been fed on the diet without vitamin A, supplemental vitamin A raised mean cell volume, plasma Fe concentration and total Fe-binding capacity. Vitamin A supplementation during the period of Fe repletion produced a decrease in splenic and tibia Fe concentration, the effect being greater with increasing seventy of previous vitamin A deficiency. The paradoxical effect of supplemental vitamin A on haemoglobin, packed cell volume and erythrocyte count can be explained by a decrease in the degree of haemwoncentration. Thus, the positive effect of supplemental vitamin A seen in humans is also observed with rats under controlled experimental conditions. We speculate that supplemental vitamin A during Fe repletion contributes to optimum erythropoiesis and Fe mobilization when baseline vitamin A status is impaired.
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Vitamin A: Iron: rats In children (Mejia & Arroyave, 1982; Bloem et al. 1989; Wolde-Gebriel et al. 1993a, b) and pregnant women (Suharno et al. 1992 ) from areas where vitamin A deficiency is endemic, low plasma retinol levels are associated with low concentrations of haemoglobin and serum Fe and low degrees of transferrin saturation. When children with relatively low blood haemoglobin levels (< 7.5 mmol/l) were supplemented with vitamin A the haemoglobin levels rose (Mohanram er al. 1977; Mejia & Chew, 1988; Muhilal er al. 1988; Bloem et al. 1989 Bloem et al. , 1990 . Interestingly, when vitamin A was given together with Fe as compared with Fe supplementation alone, not only serum Fe concentration and transferrin saturation (Mejia & Chew, 1988) but also blood haemoglobin levels (Suharno et al. 1993) rose to higher values. Thus, there appears to be an additional effect of vitamin A on Fe metabolism during the recovery from Fe deficiency.
In order to investigate the mechanisms underlying the relationship between vitamin A
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and Fe status, experiments with animals are required. In rats, vitamin A deficiency impairs erythropoiesis (Amine et al. 1970; Mejia et al. 1979b) and raises the concentrations of Fe in liver (Mejia et al. 1979a; Staab et al. 1984; Sklan et al. 1986; Sijtsma et al. 1993 ) and spleen (Mejia et al. 1979a; Roodenburg et al. 1994) , but generally lowers the total amount of Fe in liver (Sijtsma et al. 1993; Roodenburg et al. 1994 ). The effect of vitamin A supplementation on dietary-Fe-induced regeneration of Fe status has not yet been studied in rats. It was hypothesized that this effect of vitamin A depends on the vitamin A status of the rats. Thus, we determined Fe variables in blood and organs of anaemic rats with various degrees of chronic vitamin A deficiency before and after supplementation with vitamin A together with Fe. It was anticipated that this study would provide clues as to the underlying mechanisms of the additional effect of vitamin A on Fe status, as found in Fesupplementation studies with children and pregnant women.
MATERIALS AND METHODS
The experiment was approved and supervised by the animal welfare officer of Wageningen Agricultural University. Animals, housing and diets A controlled light-dark cycle (light on : 06.00-1 8.00 hours), temperature (20-22") and relative humidity (5040%) were maintained in the animal room. All animals had free access to feed and demineralized water throughout.
Fifty-two female and twenty-eight male Wistar rats (Cpb:WU), aged 10 weeks, were used for breeding. The rats were housed in groups of four or five animals of the same sex in stainless steel cages with wire mesh bases (300 x 420 x 190 mm). During a period of 4 weeks, all animals received a control diet (Table 1) containing sufficient vitamin A (1200 retinol equivalents (RE)/kg feed). This diet was formulated according to the nutrient requirements of rats (National Research Council, 1978) . Then, 2 weeks before mating, the female rats were divided into five groups matched for body weight, and transferred to wiretopped, polycarbonate cages (345 x 225 x 160 mm) with a layer of sawdust as bedding. They were housed one or two per cage. The groups received diets with different levels of vitamin A (1200, 450, 150, 75 or 0 RE/kg feed). The purified diets (Table 1) were pelleted (diameter 10 mm). Male rats continued to receive the control diet. For mating, one male rat was housed together with one or two females, aged 16 weeks, for a period of 10 d. After this period the female rats were housed individually in the polycarbonate cages until the pups were weaned. All female rats appeared healthy and body weights and litter size were similar for the five groups. From each group, sixteen male pups entered the preexperimental period at about 3 weeks of age. The pups were born 24-29 d after the start of temporary cohabiting of the males and females. by haemoconcentration due to chronic vitamin A deficiency (Koessler et al. 1926; McLaren et al. 1965; Mejia et al. 1979a, b) . On day -14 (Fig. 1 ) the rats receiving the diet with 1200 RE/kg were divided into two groups of eight animals each, which were matched for body weight and haemoglobin concentration. One group of eight animals (reference group) continued to be fed on the control diet. The other group (control group) received the same diet but without added Fe. All other groups were deprived of added dietary Fe but continued to receive their respective levels of dietary vitamin A as illustrated in Fig. 1 . After another 14 d (day 0), another blood sample was taken for the same measurements as above. Table 3 shows a similar pattern of results as does Table 2, except that body weights were lowered with decreasing vitamin A intakes in the Fe-depleted groups. When compared with the reference group, Fe depletion for 14d produced low haemoglobin concentrations in all groups except for the one given the diet without added vitamin A.
V I T A M I N A A N D IRON I N T E R A C T I O N S
Apparently, the progression of haemoconcentration caused by vitamin-A deficiency had counteracted the decrease in blood haemoglobin concentration caused by Fe deficiency.
Supplementat ion trial
The Fe and/or vitamin A repletion was introduced on day 0 of the experiment (Fig. 1) . The Fe-deficient groups receiving the diets with either 450, 150, 75 or 0 RE/kg were each divided into two groups of eight animals, which were stratified within dietary vitamin A level for haemoglobin concentration and body weight both measured on day 0 (Fig. 1) . All animals received Fe again (35 mg/kg feed), but half of the animals continued to receive the reduced levels of vitamin A, whereas the other half were supplemented with 1200 RE/kg feed. The reference group remained on the control diet. The rats that had been fed on the diet containing 1200 RE/kg feed but without added Fe were transferred to the Fe-adequate control diet again. After another 10 d (day lo), all animals were killed. Throughout the supplementation trial, body weight and feed intake were monitored.
Collection of samples Blood was collected, in heparinized vials, by orbital puncture while the rats were under diethyl ether anaesthesia. In our hands the orbital puncture technique itself does not affect the endocrine stress response and induces lesions that heal without detectable scars (Van Herck et al. 1991 . The blood was stored at 0" for haematological examination on the same day. Then plasma was isolated by centrifugation (10 min, 3000 rev./min) and stored at -20" until analysis, except for 250 pl which was stored at -80" for subsequent analysis of retinol. Immediately after bleeding, the anaesthetized rats were decapitated. The left kidney, liver, spleen and both hindlegs were removed and stored at -20" until analysis. Organs were weighed before storage. Chemical analyses Haemoglobin concentration, packed cell volume, erythrocyte count and mean cell volume were analysed with a blood cell counter (Model K-1000, Sysmex, IJsselstein, The Netherlands). Plasma Fe concentrations and total Fe-binding capacity were determined spectrophotometrically using a commercial test kit (Roche Nederland, Mijdrecht, The Netherlands). Spleen and liver were washed with saline (9 g NaCl/l) and liver was homogenized as described below. Liver homogenate, spleen, kidney and tibia were dried 2 Feed intake was measured per cage with four animals from day -28 to -14 (Fig. 1) ; the pooled SE was not Q Before statistical analysis the data were log-transformed (unadjusted means and separate SE are given).
11 Value for linear (L) and/or quadratic (Q) term in effect of vitamin A intake.
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(looo, 12 h) and ashed (500°, 16 h). The ash was dissolved in 1 m16 M-HC~ and diluted with demineralized water. Fe was measured by flame atomic absorption spectrometry (Model AA-475, Varian, Springvale, Australia). All analyses were carried out singly. Fe in tibia was calculated as the mean of left and right tibia. Plasma and liver retinol concentrations were measured by reversed phase HPLC. Plasma (100 pl) was mixed vigorously with ethanol (900 ml/l, 400 p1) and, after centrifuging (3000 rev./rnin, 10 rnin), retinol was determined directly in the supernatant fraction and calibrated against solutions of retinol in ethanol (720 ml/l). Serum pools with retinol concentrations of 0.63 or 2.16pmolll were used as external controls. The combined between-and within-run variations of retinol determination in the two pools were 6 % and 4 % (CV). The particulars of the HPLC system used were as follows : injection volume, 50 pl; pre-column, 10 x 3 mm stainless steel packed with Chromguard reversed phase (Chrompack, Middelburg, The Netherlands); column, 100 x 3 mm glass cartridge packed with Spherisorb-ODS (5 pm) (Chrompack) ; isocratic pump (Spectra Physics, San Jose, CA, USA); UV/vis detector (Perkin Elmer, Norwalk, CO, USA) with wavelength of 325 nm; mobile phase, methanol-water (90: 10, v/v); flow rate, 0.4 ml/min; run time, 5 min; retention time, 3.5 min.
Liver total retinol was determined after saponification and extraction. Liver homogenate (200 pl) (liver-demineralized water, 1 : 5, w/v) was digested by heating at 100" for 15 min in 1500 plO.7 M-KOH in ethanol (500 ml/l) (containing 6 g pyrogallol/l), and after cooling the mixture was extracted twice with 4ml hexane. Standards with retinol acetate in absolute ethanol were processed identically and used for calibration. After centrifugation (3000 rev./min, 6 min), the upper layer of the hexane extract was collected and retinol determined using the HPLC method described above, except for the following conditions : 3 Feed intake was measured per cage with four animals from day -14 to 0 (Fig. 1) ; the pooled SE was not 4 Before statistical analysis the data were log-transformed (unadjusted means and separate SE are given). I/ The reference group was the only one receiving Fe with the diet (35 mg/kg) from days -14 to 0.
7 Values for linear (L) and/or quadratic (Q) term in effect of vitamin A intake and iron intake.
calculated because of the low number of degrees of freedom.
injection volume, 20 pl; mobile phase, methanol-water (95 : 5, v/v); flow rate, 0.4 ml/min; run time, 3 min; retention time, 1.6 min. Recovery, as determined by adding known amounts of retinol acetate to homogenates before digestion, was 90-95 %. A pooled liver homogenate with target value of 98 pmol retinol/l was used as an external control. The combined between-and within-run variation of retinol determination was 6 % (CV).
Statistical analysis Estimated values of the components of variance of cage and litter were calculated from the mean squares (Snedecor & Cochran, 1980 ) and compared with the mean squared errors. They were all considerably smaller than the residual variance, except for six variables (body weight at days -14,O and 10, erythrocyte count at day -14, Fe in kidney and tibia at day 10) of which the cage component of variance was of similar size. We therefore ignored any litter or cage component of variance.
The data for the two pre-experimental time points (days -14 and 0; Fig. 1 ) and the time point at the end of the supplementation trial (day 10) were evaluated by one-way ANOVA with vitamin A intake as factor. If variances were not homogeneous (Cochran's C test), data were log-transformed before statistical testing. Contrasts with standard errors
V I T A M I N A A N D I R O N INTERACTIONS
629 calculated from pooled variances were used to identify statistically significant differences.
A pre-set P value of 0.05 with Bonferroni's adaptation was used for controlling the experiment-wise error rate of any set of eight comparisons with the control group (effect of differences in vitamin A intake in pre-experimental period) or of any set of four pair-wise comparisons relating to the effect of vitamin A supplementation during the experimental period. In addition, linear contrasts were used to test polynomial (linear and quadratic) regressions on measurement values at days -14 and 0 and day 10 against previous (before day 0 ) vitamin A intake. This analysis was also carried out for the day 10 values in the groups given 450, 150, 75 or 0 RE/kg with supplemental vitamin A as extra independent variable. For the day 0 values in all the six groups dietary Fe was added as independent variable in the trend analysis.
RESULTS

Body weight, feed intake and organ weights
For the reference group (n 8) which received the diet with 1200 RE and 35 mg Fe/kg throughout (Fig. l) , the following values were obtained: body weight, 266-9 g; feed intake/d, 16.83 g; liver wet weight, 11.2 g; spleen wet weight, 0.43 g; kidney wet weight, 0.77 g; pooled SE are given in Table 4 . After Fe repletion for 10 d, body and liver weights in the rats fed on the diets with less than 450 RE/kg remained depressed when compared with the control group, irrespective of vitamin A supplementation ( Table 4) . Supplemental vitamin A only raised body and organ weights in the group that had been deprived of vitamin A until day 0. These effects were associated with an increase in feed intake (Table   4 ). In the rats fed on diets without added vitamin A throughout, there was no body-weight gain during the Fe-repletion period (Tables 3 and 4) . In these animals, liver, spleen and kidney weights were also markedly lower (Table 4) . For the groups with dietary vitamin A concentrations lower than 1200 RE/kg feed before day 0, previous vitamin A intake and supplemental vitamin A significantly influenced body and organ weights as based on the trend analysis.
Vitamin A status
The differences in plasma retinol levels between the four groups deficient in vitamin A (Table 3) were maintained during Fe repletion but not during vitamin A supplementation from days 0-10 ( Fig. 2) and were reflected in the liver retinol concentrations at day 10 (Table 5 ). In fact, no retinol was detectable in the livers of the groups fed on diets with lSORE/kg or less. The reference group fed on the diet with 1200RE and 35mg Fe throughout had a mean liver retinol concentration of 54-3 (SE 3.6) nmol/g wet weight. Vitamin A supplementation increased both liver and serum retinol levels significantly although the final values remained below those seen in the rats maintained on a diet adequate in vitamin A throughout. Plasma retinol concentrations were 2.15 (SE 0.04) and 2.08 (SE 0.09) ,umol/l for the reference group (n 8) and the control group (n 8) respectively.
Haema tology
Fe repletion during days 0 to 10 produced increases in haematological variables (Tables 3  and 6 ). In the groups fed on either the diet without vitamin A or with 75 RE/kg, haemoglobin, packed cell volume and erythrocyte count at day 10 (Table 6 ) were higher than in their counterparts repleted with vitamin A. Mean cell volume was lowest in the rats maintained on the diet without vitamin A but supplementation resulted in an increase (Table 6 ). Trend analysis for the groups with dietary vitamin A concentrations of 0 4 5 0 RE/kg until day 0 had the following outcome. Previous vitamin A intake significantly influenced erythrocyte count and mean cell volume, and supplemental vitamin Mean values were significantly different from those of the control group, ** P < 0.00625, or from those of the 3 For details of diets and procedures, see Table 1 and pp. 624-629.
Q Feed intake was measured per cage with four animals from day 0 to 10; the pooled SE was not calculated because of the low number of degrees of freedom.
11 Values for linear (L) and/or quadratic (Q) term in effects of previous vitamin A intake (before day 0) and supplemental vitamin A. Only the groups with dietary vitamin A concentrations lower than 1200 RE/kg feed before day 0 were included.
group that had been fed on the same diet until day 0, tP < 0.0125 (Student's t test).
A intake significantly affected haemoglobin, packed cell volume and erythrocyte count. For the reference group (n 8) which received the diet with 1200 RE and 35mg Fe/kg throughout, the values at day 10 were: haemoglobin, 9.2 mmol/l; packed cell volume, 44.6 % ; erythrocyte count, 6.68 10E12/ 1 ; mean cell volume, 66.9 fl.
Plasma iron and total iron-binding capacity
At the end of the supplementation trial (day lo), total Fe-binding capacity was depressed in the groups given either 0 or 75 RE/kg throughout the experiment (Table 7) . The group given the retinol-free diet was most seriously affected and this was associated with a low plasma Fe concentration. Vitamin A repletion produced a significant rise in total Febinding capacity. Transferrin saturation was not affected by vitamin A intake (Table 7) . Previous vitamin A intake significantly affected plasma Fe concentration and total Febinding capacity. The reference group ( n 8), which received the adequate diet throughout, showed the following values : plasma Fe, 32.30 ,umol/l ; total Fe-binding capacity, 88.05 pmol/l; transferrin saturation, 36-82 %. Trend analysis revealed significant linear and quadratic terms of vitamin A intake before day 0 (P < 0.001) for values at both day 0 and day 10 of vitamin A supplementation (P < 0.001) and of interaction of these effects (P < 0401) for the values at day 10. *Mean values were significantly different from those for the group fed on the same diet before day 0: P -= 0.001. 1.6 ND RE, retinol equivalents; ND, not detectable (the detection limit is about 3 nmol/g wet liver weight).
* For details of diets and procedures, see Table 1 and pp. 624-629.
Iron in organs
Liver Fe concentrations at the end of the supplementation trial were similar for all groups (Table 8 ). In the groups given diets with either 75, 150 or 450 RE/kg there were decreases in kidney Fe concentrations when compared with the control group. Vitamin A supplementation raised kidney Fe concentration in the group that had been fed on the diet with 75 RE/kg until day 0. Decreasing vitamin A intakes in the groups not supplemented with vitamin A were associated with increases in spleen and tibia Fe concentrations. The Table 6 . Haematological characteristics at day 10 in rats fed on diets containing diferent levels of vitamin A$.
( Mean values were significantly different from those of the control group, ** P < 0.00625, or from those of the $ For details of diets and procedures, see Table 1 and pp. 624-629.
8 Values for linear (L) and/or quadratic (Q) term in effects of previous vitamin A intake (before day 0) and supplemental vitamin A. Only the groups with dietary vitamin A concentrations lower than 1200 RE/kg feed before day 0 were included.
group that had been fed on the same diet until day 0, t P < 0.0125 (Student's t test).
concentrations of Fe in spleen and tibia were generally reduced in response to vitamin A supplementation (Table 8) . Thus in the trend analysis previous vitamin A intake and vitamin A supplementation were found to reduce significantly spleen and tibia Fe concentrations. The reference group (n 8) had the following organ Fe concentrations (pmol/g dry weight) : liver, 3.33; spleen, 14.22; kidney, 4-49; tibia, 1-39 .
DISCUSSION
After Fe depletion for 14 d, the rats with different vitamin A status were repleted with Fe without or with supplemental vitamin A. This experimental design allowed us to examine the effect of vitamin A supplementation on Fe-induced regeneration of Fe status as influenced by the degree of chronic vitamin-A deficiency. The baseline of the experiment (day 0) may simulate the situation in humans with anaemia in areas where marginal vitamin A intake is a problem. The additional effect of supplemental vitamin A on Fe status after Fe supplementation, as has been shown in two independent studies with children and pregnant women (Mejia & Chew, 1988; Suharno et al. 1993) , can now be described in more detail. Fe repletion raised the selected haematological variables as would be anticipated (Forbes et al. 1989) . Vitamin A repletion of the vitamin A-deficient rats clearly improved their (L) and/or quadratic (Q) term in effects of previous vitamin A intake (before day 0) and supplemental vitamin A. Only the groups with dietary vitamin A concentrations lower than 1200 RE/kg feed before day 0 were included.
group that had been fed on the same diet until day 0, t P c 0.0125 (Student's t test).
vitamin A status as based on plasma and liver retinol concentrations. Supplemental vitamin A significantly influenced Fe metabolism in the two groups with most severe vitamin A deficiency. At the end of the supplementation period, extra vitamin A in the diet had reduced blood haemoglobin concentrations, erythrocyte count and packed cell volume. These effects can probably be explained by a diminished haemoconcentration and thus attenuation of the vitamin A-deficiency-induced haemoconcentration as described earlier (Koessler et al. 1926; McLaren et al. 1965; Mejia et al. 1979a, b) , and cannot be interpreted as a specific effect of vitamin A on Fe metabolism. However, supplemental vitamin A also raised mean erythrocyte volume in the group previously given the diet without vitamin A. Perhaps this points to a stimulatory effect of vitamin A on erythropoiesis.
Although there was indirect evidence of haemoconcentration in the group fed on the diet without vitamin A, plasma Fe concentrations and Fe-binding capacity were reduced and were increased after vitamin A supplementation. A low level of plasma Fe is a consistent feature of poor vitamin A status in children (Mohanram et al. 1977; Bloem et al. 1989 ) and pregnant women (Suharno et al. 1992) . In some human studies (Mejia & Arroyave, 1982; Bloem et al. 1990 ), but not all (Mejia & Chew, 1988; Suharno et al. 1992 ), low total Febinding capacity or transferrin concentration were associated with poor vitamin A status. Possibly vitamin A controls the synthesis of transferrin, which is the major Fe transport protein carrying Fe from the storage depots such as liver to the erythropoietic system in Mean values were significantly different from those of the control group, ** P < 0.00625, or from those of the $ For details of diets and procedures, see Table 1 and pp. 624-629. § Values for linear (L) and/or quadratic (Q) term in effects of previous vitamin A intake (before day 0) and supplemental vitamin A. Only the groups with dietary vitamin A concentrations lower than 1200 RE/kg feed before day 0 were included. group that had been fed on the same diet until day 0, t P < 0.0125 (Student's t test). bone marrow. An impaired transferrin synthesis in vitamin A deficiency is compatible with the observation that vitamin A is involved in the synthesis of the glycosyl moieties of the transferrin molecule (Chan & Wolf, 1987) . In any event, the present study shows that in rats with Fe deficiency with the highest degree of vitamin A deficiency, supplemental vitamin A had a raising effect on plasma Fe and total Fe-binding capacity that was superimposed on that of Fe supplementation. This observation illustrates the involvement of vitamin A in Fe metabolism.
A major advantage of our study with rats is that it provides information on the effects of supplemental vitamin A on the distribution of Fe between organs. Liver Fe concentrations were unchanged after feeding the vitamin A-deficient diets but the reduction in liver weight resulted in a decreased total liver Fe content. A decreased total amount of Fe in the liver of vitamin A-deficient rats has been found earlier in this laboratory (Sijtsma et al. 1993; Roodenburg et al. 1994) . Vitamin A supplementation of the group previously fed on the diet without vitamin A reduced liver Fe concentration but significantly raised total liver Fe content. In the vitamin A-deficient animals there was an increase of splenic and tibia Fe as found earlier (Mejia et al. 1979a, b; Roodenburg et al. 1994 ). The present study showed that during Fe repletion supplemental vitamin A lowered Fe contents of spleen and tibia. This effect of vitamin A was greater with increasing severity of the previous vitamin A deficiency.
We speculate that in vitamin A deficiency blood cell synthesis is impaired leading to increased Fe stores in the macrophages in tibia and spleen, this process possibly being enhanced by increased destruction of inferior erythrocytes. In addition Fe mobilization might be impaired because Fe is trapped in the macrophages. The effects of vitamin A deficiency on Fe metabolism can be reversed by supplemental vitamin A. This reasoning could explain why supplemental vitamin A contributes to recovery from Fe deficiency associated with vitamin A deficiency.
In conclusion, the outcome of the present experiment carried out with rats under strictly controlled conditions mimics the observation (Mejia & Chew, 1988; Suharno et al. 1993) in humans with marginal vitamin A intake that vitamin A together with Fe is more effective in normalizing Fe status than is Fe supplementation alone. This study indicates that vitamin A supplementation under those conditions stimulates the utilization of Fe stores in spleen and bone.
